A novel design of lysimeter for use in mires (peatlands) with shallow water tables is described. It employs an hydraulic mechanism for the automatic equilibration of soil moisture distribution between the outside and the inside of the lysimeter tank but uses no electronic components or electrical power; and it can be installed with minimal disturbance in surfaces with poor load-bearing capacity. The system was deployed on a mire in northern Scotland to investigate the distribution of shallow seepage associated with catenary arrays of different types of surface (microtopes). During the three-year period 15 November 1988 to 19 November 1991, the fraction of rainfall dispersed as seepage was 52% in a pool system; 62% in ridge-furrow microtopography; and 59-67% in unpatterned sloping mire. The data provide preliminary confirmation of the hypothesis of K. E. Ivanov that different microtopes within the same mire differ in their hydrological norms; and suggest that the range of ecohydrological differences at the study site may be similar to those obtained by Ivanov in western Siberia. Details of lysimeter design, construction, installation and operation are appended together with a discussion of the theory of the lysimeter.
Introduction
Mires are terrestrial ecosystems where moribund vegetation or peat derived from it forms a substrate for plants; and where this substrate is at least seasonally waterlogged because the water table lies at or near the surface. In a mire the shallow water table excludes air and is the prime cause of peat accumulation under the anoxic conditions that result. It is also the main ecological characteristic that determines the assemblage of organisms to be found there: the vegetation differs markedly from the communities of dry soils nearby especially in the importance of helophytes 1 . Moreover the development of a mire, the three-dimensional shape of its peat deposit, and the distribution of plants and other organisms within it, are all governed by the manner in which the system accumulates and disposes of water. An understanding of the ecology of mires therefore demands flux measurements for all the relevant hydrological processes. The water balance, expressing as it does the partitioning of water at the mire surface, is especially significant.
The ecological effects of mire hydrology are not trivial. Ivanov (1953 Ivanov ( , 1957 Ivanov ( , 1981 has drawn attention to the arrays of distinctive surface features (microtopes) that form zones on the surfaces of large circumboreal mires, often visible from the air. In north-west Russia and western Siberia these zones are arranged in regular catenary sequences; and similar sequences have been observed elsewhere, for instance in Sweden (Sjörs, 1983) . Ivanov (1981) suggests that successive members of a sequence are hydrologically linked; and that each successive microtope, on a flow line between the centre of a mire and its edge, receives and disposes of water in a characteristic fashion within a characteristic water balance.
The patterned blanket mires of northern Scotland show similar catenary arrays of microtopes (Ingram, 1987) . These mires (or "flowes") are renowned for their size, the richness and diversity of their biota (Lindsay et al., 1988) and for the conflict they have generated between the interests of nature conservation and afforestation (Avery and Leslie, 1990) . Consideration is given here to whether one component of the water balance, namely the local net sub-surface discharge, or the "internal balance of the water supply", varies across blanket mire as Ivanov (1981) suggests. For this purpose the design and use of a new type of field lysimeter are described, which adjusts automatically to the ambient soil moisture profile, enabling accurate and reliable measurement of discharge over extended periods at remote locations. The effectiveness of this device as a source of ecohydrological data at a Scottish site during 1988-91 is considered and comparisons are made with results from western Siberia.
Methods

PRINCIPLES OF LYSIMETER DESIGN AND OPERATION
A lysimeter is an instrument which measures D, the exchange of soil water or ground water between a sample monolith of soil enclosed in an open-topped container and the unenclosed soil which surrounds it. Provided that the exposed surface and vegetation of the sample are typical of the immediate surroundings, the lysimeter can be used to infer the water exchange of the whole surrounding area of vegetation and soil.
Usually, the water exchange which the instrument measures is a discharge because the input of precipitation to the soil surface exceeds the evapotranspiration from it; but this need not necessarily be so and the assumption of discharge is invalid in soils supplied with ground water by adjacent springs and the like. It is also often supposed that a lysimeter "measures" evapotranspiration (see the definition of a lysimeter employed by Slatyer and McIlroy, 1961) . This is equally misleading. In practice evapotranspiration can only be estimated from lysimeter measurements which are used as items in water budgets such as
where P = precipitation, D = ground and soil water discharge, ∆W = change in storage (increase reckoned positive), η = error and E = evapotranspiration, which can accordingly only be inferred by difference provided η is known to be small; and where all terms are flux densities, i.e. volumes per unit area per unit time expressed as equivalent depths.
The operation of a lysimeter thus depends on the observer's ability to measure the flow of water between the sample monolith and the surroundings, which must accordingly be separated by a watertight partition. But the very presence of this partition is liable to cause a mismatch between the soil moisture distributions in monolith and surroundings because it breaks the natural hydraulic continuity of the system. Technically this is the principal challenge to accurate lysimetry. As an instance of its importance it has been repeatedly shown that in mires (Ingram, 1983) , as in other wet terrestrial ecological systems (Akopyan, 1966) , the rate of evapotranspiration declines as the water table falls. This is one aspect of a more general relationship between evapotranspiration and the availability of moisture in soils of all kinds (Slatyer, 1967) which implies that lysimeters are unlikely to yield useful data unless the vertical distribution of moisture in the enclosed monolith sample matches exactly that in the surrounding soil.
The functioning of the automatic lysimeter is explained in Fig. 1a . The lysimeter is installed in a mire whose water table is close to the vegetated surface during most of the year. The impermeable lysimeter tank surrounds a minimally disturbed sample of the vegetation and upper soil layers called the lysimeter monolith, which drains with internal wells through an orifice in the tank. Without the tank the monolith would drain by seepage mainly through the upper layers of the surrounding soil which are the most permeable part of the profile (Ingram and Bragg, 1984) ; the internal wells with their perforated liners provide an alternative that by-passes the less permeable deeper layers of peat. The flux of water from the orifice is led through a discharge tube into a nearby satellite pit with permeable walls, but this water is separated from other water in the pit by a discharge bag with flexible, inelastic and impermeable walls. The satellite pit is sited so that both its vegetation and the altitudes of its surface and water table match those of the uninstalled sample.
As shown in Fig. 1a , the arrangement ensures uniformity of hydraulic potential allowing the satellite pit to control the water table in the monolith, which conforms with that of the surroundings if the pit's position is correctly chosen. Water tables being shallow, inside and outside moisture profiles will be in equilibrium with them; and the installation's hydrostatic properties ensure that this occurs automatically. The discharge over a time interval collects in the discharge bag and can be measured as the increase in the volume of water it contains. If the local water balance involves recharge of the monolith, the flux in the discharge tube will be reversed and the bag's content will diminish. Thus recharge (negative discharge) can be measured using exactly the same procedure. The effect of the tank may be understood by comparing the fluxes of water before and after its installation. The initial situation is shown in Fig. 1b(i) . Water exchange with the atmosphere occurs as precipitation, p and evapotranspiration, e. Water may enter or leave the monolith by lateral seepage through its walls; and the resultant flux is represented by a net discharge, u L . Similarly, net vertical seepage is represented as a discharge, g´c. The increase in the amount of water stored in the sample, ∆w, over the period between readings, is then given by the equation:
After installation the processes symbolised p, e and ∆w should occur as if the instrument were not present (see Appendix B); but lateral and vertical seepage, being prevented by the walls and floor of the tank, are substituted by exchanges with the discharge bag and measured as (net) lysimeter discharge, d (Fig. 1b(ii) ). ∆w is now given by
and comparing Eqns. 2 and 3 gives
Thus d, the net flux of water from sample to discharge bag, represents the total net discharge from all underground surfaces of the sample; and is equal to the total net discharge from the full depth of the vegetation and peat monolith beneath the sample's surface in the absence of the instrument (Appendix B). To allow comparison with other components of the surface water balance (Eqn. 1), lysimeter discharge is converted to the equivalent flux density D:
where a is the surface area of the sample and D has units of equivalent depth, e.g. mm.
LYSIMETER DESIGN AND OPERATION IN
PRACTICE
The arrangement that was used in this work is shown in Fig. 1c , and is similar to that described by Coupar (1983) .
To locate the water table in the tank an unperforated dip well was added to the system of internal drains. A threeway valve was fitted to interrupt the connection between tank and bag, connecting the bag instead to the measuring tube, when required.
During each site visit, the depth of the water table in the dip well (relative to the mire surface) was measured. The contents of the discharge bag were then pumped to the surface through the measuring tube and weighed, and approximately 10 kg of this water returned to the bag before re-connecting the bag to the tank. Net discharge for the period between site visits was calculated by subtracting the weight of water returned to the bag at the end of the previous visit from that pumped out of the bag at the start of the current visit. It was converted to a flux density given in mm day -1 (assuming 1 kg is equivalent to 1 dm 3 , or 1 litre) by dividing by the surface area of the sample and by the number of days since the last reading.
Details of design, construction, installation and operation of the mire lysimeters, which have now been in use at U.K. sites for more than a decade, are given in Appendix A.
LYSIMETER INSTALLATIONS AT STRATHY BOG
The site (National Grid Reference NC 795558) is located in Strathy Forest, Sutherland, in northern Scotland approximately 3 km north of the Strathy site described by Pearsall (1956) . It is a small valleyside flowe (Lindsay et al., 1988) at 130 m a.s.l. at the confluence of two streams, the Allt Dhonuill Ghuinne and the Allt Loch Meala. The peat, of thickness up to 4.8m, forms a flat-topped dome with well developed pool-and-hummock patterning, grading upslope into unpatterned blanket mire. Four principal surface types were distinguished on the basis of ground and airphotograph inspection, and one lysimeter site was selected to represent each of these microtopes (Fig. 2) .
Lysimeter 1 was sited on gently sloping blanket mire with Molinia caerulea, upslope from the patterned area; Lysimeter 2 was installed in an unpatterned area dominated by Trichophorum cespitosum and Sphagnum tenellum; Lysimeter 3 was placed in a ridge-furrow microtope dominated by Eriophorum angustifolium with Sphagnum cuspidatum hollows at the edge of the pool system; and Lysimeter 4 was located near the centre of the pool system. The vegetation within each tank is described in Table 1 .
The instruments were installed in August 1987, commissioned in May 1988 and operated until December 1991. Apart from routine changing of discharge bags (Appendix A), only one problem arose in operation of the lysimeters. During a site visit in wet weather in March 1989, the water table in Lysimeter 2 was approximately 10 mm higher than that in its surroundings and water was overflowing from the tank even though the bag was not fully distended. The problem was addressed by applying a collar to raise the rim of the tank (Appendix A). 
RAINFALL RECORDS
For consistency with observations at other sites a standard U.K. Meteorological Office storage raingauge, aperture diameter 127 mm exposed 305 mm above ground level, was installed near Lysimeter 1 (Fig. 2b) and read on the same dates as the lysimeters.
Results
Totals of discharge from each of the four lysimeters were measured over periods ranging from 15 to 52 days between 26 May 1988 and 10 December 1991. Figure 3 shows discharge in mm day -1 for each measurement interval, together with the position of the water table at the time of each reading. Accumulated discharge data from the four lysimeters are compared in Fig. 4 .
At the date of the site visit in November each year the water table was generally high, indicating that the storage capacity of the mire was full (Fig. 3 ). On this basis three water years were defined during which the net change in storage was approximately zero. Totals of precipitation and discharge at each of the four lysimeters for each of these water years are shown in Table 2 together with average daily flux densities. Actual evapotranspiration is also shown for each lysimeter and water year, calculated as the residual term in the water balance derived by substituting ∆W = 0 and ignoring the error term in Eqn. 1. Annual discharges at Sites 1, 3 and 4 were consistently related to one another as follows:
Over the three water years, discharge accounted for 67% of the incident precipitation P at Site 1, 62% of P at Site 3 and 52% of P at Site 4. Annual discharge from Lysimeter 2 was not consistently related to that from the other instruments; its value was the lowest recorded for 1988/1989 and the highest for 1990/1991. Discharge here accounted for 59% of incident precipitation over the three years. It is noteworthy that the annual evaporative flux was similar in all three years at Lysimeter 3 (1.1 mm day -1
) and Lysimeter 4 (1.4 mm day -1 ), despite the 1989/1990 water year being significantly wetter than the other two years, with correspondingly higher discharge at both sites.
Average daily values of precipitation and seepage for the full three-year period are shown in the second row from the foot of Table 2 . Figure 5 shows how this set of mean values developed. The mean of each variable was calculated iteratively from 15 November 1988 by dividing accumulated 
Discussion
LYSIMETER SYSTEM
Adaptating the principle of lysimetry from freely draining soils to mires where drainage is impeded brings new problems but also new opportunities. Since part of the container is always below the water table it must be sealed and cannot be allowed to drain by gravity. Moreover its water content cannot be determined by weighing in situ because the container is partly supported by buoyancy. But the permanent presence of the water table within the tank can be used to control the water level hydrostatically. Conveniently, the water table's position also indicates storage status, although it cannot be used quantitatively in water balance calculations without knowing the aquifer yield (specific yield: Gilman, 1994) . Lysimetry has usually been applied in mires to estimate evapotranspiration. Reviews are given by Ingram (1983) and Gilman (1994) . Field methods are favoured in order to achieve representative atmospheric conditions, but instruments range widely in size and design. In these applications the tank prevents seepage of water between the sample and its surroundings, allowing the effect of exchanges with the atmosphere to be observed. Disturbance to the soil profile, caused by removing peat and replacing it in a floored vessel, is minimised in designs without floors where the walls are inserted until they penetrate a sparingly permeable layer of well humified peat or clay that seals the base. As used by Heikurainen (1963) and Bay (1966) , such devices are strictly evaporimeters or evatranspirometers since they eliminate seepage without measuring it.
Closer approaches to measuring seepage have been achieved through stabilising the water table by adding or draining off measured amounts of water (e.g. Virta, 1966; Bavina, 1967; Romanov, 1968; Boelter, 1972) . Here storage changes are eliminated by introducing a surrogate for the quantity of seepage required to maintain the chosen storage status. In other designs, storage is adjusted to mimic its variation in the surrounding mire by adding or removing measured quantities of water to equalise water tables inside and outside the tank. Again a surrogate measure of seepage is obtained, this time showing the amount needed to move the water table through a given distance; thus Eggelsmann (1954) adjusted water levels manually at frequent intervals.
All these designs cause water tables inside and outside the tank to differ, at least for some of the time. But Virta (1966) and Wastiaux (2000) have shown that evaporative opportunity (the ratio of actual to potential evapotranspiration) depends on water table depth, so that the water balance given by a sample with an unrepresentative water table will be distorted: the modification of storage regimen making it impossible to estimate either seepage or evapotranspiration accurately. Moreover such a difference in level creates a false hydraulic gradient causing unnatural seepage beneath the walls of a floor-less tank (Bay, 1966; Kelemen, 1996) .
Inaccuracy in seepage estimation is least in instruments that mimic ambient water tables, declining as the tank water table is adjusted more frequently. Gilman (1994) described a sophisticated design using electronic monitoring of outside and inside water tables and an electric metering pump to adjust the latter. This system achieved close correspondence between the sample's water balance and that of the surroundings, and could even be used to follow the time course of seepage through individual days.
The instrument described here also continuously adjusts the water level in the sample, whose water balance thus represents faithfully that of the surroundings. But the adjustment uses the same hydrostatic mechanism that operates in the absence of the instrument and does not rely on batteries or electronic components. Therefore the timing of site visits is not critical and the instrument can continue to integrate water balance fluxes accurately so long as the discharge bag remains functional. The frequency of visits determines the minimum period for which the water balance can be evaluated but, for this study, visits were strictly unnecessary during periods of neutral water balance and the only routine maintenance required was periodic replacement of the discharge bags (see Appendix A: Operation).
HYDROLOGY OF THE STUDY SITE
There were differences in the patterns of discharge measured by individual lysimeters but there was general overall similarity governed by seasonal effects. In particular, discharge was more intense in winter months and when the water table was high (Fig. 3) . Comparison of accumulated discharge between instruments (Fig. 4 ) again indicates differences, but no systematic change, in their relative behaviour during the period of observations. At Lysimeters 3 and 4, the annual water balance was characterised by consistent evapotranspiration (Table 2) , with variations in annual precipitation being dispersed by seepage. On the other hand, total evapotranspiration declined systematically from Year 1 to Year 3 at Lysimeter 2, whereas at Lysimeter 1 evapotranspiration was lower in Year 1 than in the subsequent two years. These may be real effects related to previous management of the site. However the flooding of the tank at Lysimeter 2 in wet weather suggests another possibility, namely that the tank was sited slightly downslope from the satellite pit, raising the water table in the tank and thus accelerating evapotranspiration. Conversely, the lower evapotranspiration at Lysimeter 1 in the first year might have been caused by siting the tank slightly up-slope from the pit. Both instruments indeed sampled the more steeply sloping parts of the mire (Fig. 2b) and, in both, readjustment of the water balance appeared to occur during the three years of observations. A small change in behaviour of the water table may have invoked feedback by changing the rates of plant production and decay (the peat-forming process) which would tend to re-position the mire surface to "fit" the new water table regimen; but the period of data collection was too short to test this hypothesis.
It is shown in Appendix B (Eqn. B19) that lysimeter discharge D is directly equivalent to internal water supply sensu Ivanov (1981) , if vertical leakage of water through the base of the mire is negligible and if D is calculated for periods over which there is no net change in storage. The long-term average value of this quantity is one of the terms required to solve hydromorphological equations, which relate the shape of the mire to its hydrology. Long-term averages of internal water supply did not stabilise during the period of data collection, which was too short to show whether temporal stability is achievable. However if, as Ivanov (1981) suggests, annual evapotranspiration is indeed virtually constant for each microtope, it is conceivable that such long-term averages could be estimated from short-term discharge data in combination with long-term data on precipitation.
The data permit a preliminary comparison between the hydrological attributes of the mire microtopes at Strathy Bog and those of western Siberia. Ivanov (1981) points out that, in domed mires with purely meteoric water supply, the average internal supply can vary between microtopes only due to differences in evapotranspiration. In zones of excess or adequate moisture in western Siberia, observation has shown that the average evapotranspiration varies by only 10-15% between microtopes. At Strathy Bog, mean discharge over three water years ranged from 52% of total precipitation (P) in the pool system on deep peat to 65% of P on shallow sloping mire, suggesting a similar variation of evapotranspiration in these Scottish mires.
Although a longer data series would be desirable, this work has already shown that mire lysimeters can provide reliable data on seepage that suggest hydrological similarities between Scottish blanket mires and the ombrogenous mire systems of western Siberia. 
DESIGN
Successful lysimetry in ombrogenous mires must take account of the poor load-bearing capacity and sensitivity to disturbance of the surface. Equipment should be easily carried and installed, and operated so as to avoid damage to the sample and its surroundings. Moreover conditions at the air-water interface accelerate the disintegration of polymers and corrosion of metals, which releases ions toxic to such characteristic plants as Sphagna; thus the choice of components is limited. The tank should be of sufficient area to contain a representative sample of the surface microtopography and deep enough to accommodate all living plant roots. Its orifice (o in Fig. 1) should be below the deepest position of the water table to prevent loss of hydraulic continuity in dry weather. Its rim should be high enough to prevent the exchange of water between the sample monolith and its surroundings but should not project so far that it affects the radiation balance or aerodynamics of the surface. Where vascular plants are of low stature, this means that the rim should scarcely project above the Sphagnum surface. A convenient rule-of-thumb suggested by J.L. Monteith (pers. comm. ca. 1970 ) is that the installation should be scarcely visible. Thus provision must be made to raise the rim as soon as it begins to be covered by new Sphagnum growth which provides a route for capillary water transfer.
The bag must never constrain the flow of water through the hydraulic system during operation of the lysimeter. This means that it must never be allowed either to collapse fully or to become tightly distended. It follows that the size of the bag should be chosen to suit the conditions of the installation and the frequency of observers' visits. CONSTRUCTION 1. Tank. The tank was a circular black polypropylene domestic cold-water cistern with an orifice 75 mm above its floor which was fitted with a tank connector. The wall of the tank was vertical for approximately 0.2 m below the rim, but its lower part tapered slightly towards the base (Fig. 1c) . The rim could be raised by adding an outer collar made from black neoprene rubber sheeting whose ends were joined with an appropriate solvent-based adhesive. The collar was held in place by a stainless steel hose clip which had been extended by inserting a length of thin stainless steel wire rope, and sealed to the rim of the tank with a silicone-based sealant.
2. Hydraulic System and Satellite Pit. Details are given under Methods and in the legend to Fig. 1c. 3. Discharge Tube. Each discharge tube (dt in Fig. 1c ; Fig.  A1a, d ) consisted of a 5 m length of flexible PVC hose of internal diameter 18 mm (26 mm OD) attached with a stainless steel hose clip to the outer spigot of the tank connector. It was installed so that it sloped uniformly downwards at 15-20% from the tank connector to a point near the base of the satellite pit. Gas entering this part of the system therefore travelled up the discharge tube, escaped through the dip well and could not interrupt the flow of water between tank and bag by forming an air-lock. 4. Discharge Bag. The bag had watertight walls of stout but flexible plastic film. It collapsed flat on being emptied. Gas and water were therefore easily removed and the point of emptiness was unambiguous, provided no folds or blockages formed near the exit. This was ensured by enclosing in the bag a perforated tube (pt in Fig. A1c ), linked to the bag connecter, which enabled the bag to be completely drained through the perforations, while spreading the end near the exit and thus preventing it from collapsing unevenly. In use the bag rested in the satellite pit in the position shown in Fig. 1c , with its connector at the lower end. Any gas which collected in the bag migrated to the upper end where its presence was obvious, and helped to keep the bag in the correct position. 5. Valve Assembly. The bag was connected to the discharge tube through a three-way L-port valve. The discharge tube, measuring tube and bag tube were attached to the three orifices of the valve (Fig. A1d) so that in the operating mode the measuring tube was shut off and the valve connected the discharge tube to the bag, whilst in the measuring mode the valve closed the discharge tube and the bag was connected to the measuring tube. The part of the discharge tube in the satellite pit was made long enough to permit the valve and associated connections to be removed from the pit for inspection and maintenance, after which the free part of the discharge tube was repositioned carefully in the pit in such a way as to minimise the risk of air-locks. Normally this part of the discharge tube (not shown in Fig. 1c ) remained submerged in the pit. The measuring tube terminated in the measuring connection. The outer end of the bag tube was fitted with part of a uPVC union which matched the bag connection, to which it was secured by tightening a threaded collar so that a watertight seal could be made between the two by turning the sleeve only. This arrangement allowed bags to be changed easily under field conditions without the use of tools. until two apparently suitable areas were identified. A small dip well was installed in each and checked the next day to ensure that water table depths were indeed similar.
Once the site had been chosen, great care was taken to minimise damage to the mire surface. Instruments were installed in dry summer weather when the water table was likely to be low and the surface relatively firm. Installers always worked from duckboarding, having first covered with stout plastic sheeting any part of the surface on which peat was likely to be dropped or stacked. 2. Excavation of Satellite Pit. The satellite pit was excavated with vertical walls and its contents discarded off-site. Water and peat slurry were removed from the pit if it flooded during excavation. 3. Excavation of Tank Pit. The tank was placed upsidedown on the mire surface in the required final position, and its outer rim used as a template to make a circular incision in the mire surface with a long sharp knife. The tank was then laid aside, and the surface within the circular incision was further cut into six sections to form sods which were as deep as possible, as indicated in Fig. A1b . A small additional turf was removed at the side of the circle closest to the satellite pit to aid extraction of the six large turves. Turves were then cut off at their bases, carefully lifted and placed in order on plastic sheeting. The process was repeated for the next and subsequent layers of peat. The fit of the tank was tested as excavation progressed until it filled the pit snugly with the desired depth of rim protruding. The position of the orifice was then marked on the wall of the excavation nearest the satellite pit. 4. Insertion of Discharge Tube and Tank. A tunnel for the discharge tube was bored without surface disturbance using a Hiller peat-borer inserted as indicated in Fig.  A2 . The borer was aligned to exit the tank pit at the marked position of the orifice and enter the base of the satellite pit. One end of the discharge tube was then tied to the end of the borer with thin rope, and the borer was gently withdrawn until the upper end of the discharge tube reached the tank pit. After removing the rope and borer a watertight connection was made between the discharge tube and the tank connector. The discharge tube was then pulled back into the satellite pit whilst the tank was lowered into position in the tank pit. The last peat to be removed from the tank pit was replaced in the base of the tank, filling it up to the level of the orifice. 5. Installation of Drainage System. The system of drainage tubes and dip well was then assembled inside the tank (Fig. A1a) , and the turves replaced in order around this. For some installations it was necessary to trim the penultimate layer of turves in order to achieve equality of levels between the re-assembled surface inside the tank and the surrounding area. 6. Flushing and Equilibration. Clear water was poured gently over the surface of the sample to flush out the discharge tube. The free end of the discharge tube was then covered with gauze cloth and suspended in the centre of the satellite pit, and the pit was allowed to refill with water. 7. Valve Board and Bag. Once the satellite pit contained water (usually by the next day, but commissioning could be delayed by several months if required), a watertight connection was made between the discharge tube and the appropriate port of the three-way valve, the bag was attached and the valve assembly and bag were placed in the satellite pit so that the valve handle and measuring tube protruded at the mire surface (Fig. A3) . A known amount of water (10 L approx.) was added to the bag using the recharge bucket 3 before turning the valve to the operating position. The bag was then lifted until the water level inside it could be seen to be falling, thus confirming that there was free communication between bag and tank. 8. Ancillary Equipment. Duckboarding of two kinds was used during operation. A fixed duckboard, large enough for an observer to make measurements in comfort from it, was placed beside the satellite pit on the side opposite the tank. Narrow portable duckboarding was stored on this between visits, as was a light wooden frame for weighing buckets of water (Fig. A3 ).
OPERATION
During site visits (at 7 to 14 day intervals), some equipment 3 was carried by the operator, and used at each of the installations in turn. It was important to minimise disturbance 4 . First the depth of the water table below the rim of the dip well was measured and the L-port valve (v1) switched to the measuring position. The wooden frame was erected on the fixed duckboard and the balance was suspended from it, tared to the weight of the empty measuring bucket, then used to measure the contents of the discharge bag 5 . When this result had been recorded a known weight of water was returned to the bag 6 . The L-port valve (v1) was switched back to the operating position, then the discharge bag was gently lifted in the satellite pit and checked for leaks whilst carrying out the procedure for clearing the discharge tube described above 7 . The bag was always vulnerable to accidental puncture, but experience showed that the seal and connection at its lower end also suffered wear and tear in use. It proved possible to avoid nearly all "emergency" bag replacements (with associated loss of accuracy) by replacing the bag as a matter of routine at intervals of 2-3 months 8 . 3 Including a flexible 2 m steel rule; two 10 L buckets, one with a valved outlet (recharge bucket: Fig. A1f ) and one unmodified; a pump (Fig. A1e) ; a spring balance with 10 kg capacity, readable to 50g so that weights could be estimated to the nearest 10g; and at least one spare discharge bag assembly. 4 The fixed duckboard was approached by a route chosen to avoid the vicinity of the tank. Before any operations which might disturb local water levels, the portable duckboards were laid out to form a temporary path to the tank. After recording the water table they were stacked beside the fixed duckboard until the remainder of the reading procedure was completed. 5 The water in the bag was pumped to the surface, one bucketful at a time, and weighed. A known weight was transferred to the recharge bucket and retained, and the remainder was returned to the pit (outside the bag). 6 The pump was disconnected from the measuring tube, the recharge bucket was connected in its place and the ball valve (v2) was opened so that the bucket's contents ran back into the bag. Any water remaining in the bucket was weighed.
7 If a leak was discovered at this stage, the bag was returned to the pit, disconnected from the tank by operating the L-port valve, and its contents pumped out again. The valve assembly and empty bag were then lifted out of the satellite pit, the bag was disconnected by unscrewing the union collar ( Fig. A1d: bc1 ) and a new bag substituted. Bag and valve assembly were then returned to the pit and a further known quantity of water added to the bag from the recharge bucket. The bag was then re-connected to the tank and the procedure for clearing the discharge tube repeated.
for compartment II :
for compartment III :
When the tank is in place, all fluxes which formerly passed through the vertical faces and base of the sample are diverted to the orifice and contribute to lysimeter discharge, d. For efficient operation, three conditions must be fulfilled by the sample, namely (i) its vegetated surface must intercept precipitation as if the tank were not present; (ii) its vegetated surface must evaporate and transpire as if the tank were not present; (iii) the water stored in its acrotelm must vary as if the tank were not present.
Conditions (i) and (ii) are met by installing the lysimeter so that the rim of the vessel does not affect the aerodynamics or heat balance of the surface and the vegetation inside and outside the sample area remains undisturbed, and condition (ii) is further met by choosing the vessel so that root activity is not constrained by it (see Appendix A). Condition (iii) is met by installing the tank so as not to disturb acrotelm stratigraphy (see Appendix A) and by the system of flexible discharge bag and satellite pit inherent in the design (see Methods).
If the lysimeter is operating efficiently in the manner prescribed above its water balance can be written
and can be equated to the water balances of compartments I and II, obtained by adding Eqns. B1 and B2:
Subtracting Eqn. B4 from Eqn. B5 we obtain
From Eqn. B3
Substituting in Eqn. B6 and re-arranging: d = (q ao -q ai ) + (q´c o -q´c i ) + (q co -q ci ) + g
from which it becomes clear that lysimeter discharge, d, is the algebraic sum of all the below-ground fluxes in compartments I, II and III of the monolith. where u a , u c represent net discharge from the acrotelm and the catotelm respectively, Eqn. B8 becomes:
Reference to Fig. B1 and Eqns. B1-B3 shows that Eqn. B11 may also be written:
Converting fluxes to flux densities 10 , we divide throughout by xy, the area of the sample's surface, when Eqn. B11 and Eqn. B12 become:
Thus, net discharge from the acrotelm alone is given by:
whilst that for the catotelm is:
and U, the lateral discharge from the entire peat profile, is:
G a and G can be determined from Darcy's law 11 . Implications include the following: i. It follows from Eqn. B13 that lysimeter discharge, D, is directly related to the quantity referred to by Ivanov (1981) as the internal balance of the water supply of a mire massif at a given point, I
12 . In the notation adopted here,
Dividing Eqn. B4 by xy yields
Subtracting Eqn. B17 from Eqn. B18,
From Eqn. B16
Then, comparing Eqn. B20 with Eqn. B19,
Thus, the term U is directly equivalent to I for the entire peat profile (acrotelm plus catotelm) if measured over an interval during which there is no net change in storage (∆W = 0). ii. Lysimeter discharge should indicate directly the lateral net discharge U which is the mire's local contribution to streamflow at the system margins, provided the floor of the deposit is impermeable (G = 0 : Eqn. B16). iii. Eqn. B14 shows that it may be possible to derive discharge from the acrotelm, U a , using data from a lysimeter of this design in conjunction with shallow (and therefore technically straightforward) measurements of hydraulic conductivity and hydraulic potential. Alternatively, this quantity could be measured directly using a lysimeter with a bottomless tank (e.g. Kelemen 1996; Kelemen and Ingram 1999) of depth equal to that of the acrotelm, since the vertical flux g a would not be directed to the orifice of such an instrument. The difficulty with either of these approaches is uncertainty in the exact position of the acrotelm/catotelm boundary. iv. Subject to the same uncertainty as iii., catotelm discharge, U c , may be estimated from hydraulic conductivity and hydraulic gradient data alone (Eqn. B15).
10 All flux densities are computed as fluxes per unit area of mire surface and are denoted by upper case italic symbols, e.g. P, where P = p/xy, all fluxes and other quantities being represented by lower case italic symbols.
11 For the (vertical) hydraulic conductivity k one would require a seepage tube (Rycroft et al. 1975a, b) with cavity of zero length situated at the acrotelm/catotelm boundary (for G a ) or just above the base of the catotelm (for G); and, for the (vertical component) of hydraulic gradient ∆h, pairs of piezometers would be required, with their orifices separated by a known depth ∆z and close to the levels in question. G a and G are then obtained using G a , G = -k ∆h/∆z. If ∆h = 0 at the lower level, an impermeable base would be indicated beneath the peat deposit.
